Introduction

60
Adenoviruses are medium-sized (60-90 nm), non-enveloped icosahedral viruses containing linear, non-segmented 61 double-stranded DNA, belonging to the family Adenoviridae. They have a worldwide distribution and they are 62 ubiquitous in environments contaminated by human faeces or sewage. And as a result, they are most commonly 
69
One gram of faeces may contain ten million viruses, one million bacteria, 1,000 parasite cysts and 100 parasite 
81
There are, however, limitations to the use of traditional faecal indicator bacteria to predict the presence of enteric 82 pathogens and they appear to have limited or no predictive value for many important human viral pathogens, such 83 as enterovirus, norovirus, hepatitis A virus (Jofre 1992 , Muniain-Mujika et al. 2003 and parasite cysts. Critically, 84 Dore et al. (2003) and Griffin et al. (2003) suggested that shellfish may meet E. coli standards for human 85 consumption but still contain infectious doses of human enteric viruses that can cause gastroenteritis.
87
Human enteric viruses are found in the gastrointestinal tract and the group that causes gastroenteritis infects the 88 epithelial cells (DiCaprio et al. 2013) . Large numbers of these viruses are excreted in the faeces and urine of 89 infected humans (Melnick and Gerba 1980) . Indiscriminate discharge of sewage into surface waters is the most 90 conspicuous channel through which these viruses contaminate the environment (Pouillot et al. 2015) , where their 91 low infectious dose may present a human health hazard (Fong and Lipp 2005 
98
Advances in culture-independent molecular-based approaches to monitoring the sanitary quality of shellfish,
99
through amplification and quantification of viral nucleic acids by real-time polymerase chain reaction (qPCR) or 100 reverse transcription polymerase chain reaction (RT-qPCR), have aided the rapid detection of pathogenic human 101 viruses (Campos and Lees 2014) . These molecular methods demonstrate high levels of sensitivity and specificity 102 (Pina et al. 1998 ) but remain relatively expensive option, thus, less likely to be taken up in low-resource settings.
103
The methods are also unable to distinguish readily between infective and non-infective viral particles (Bosch 104 2010).
106
Bacteriophages, such as somatic coliphages, F-RNA coliphages and phages infecting Bacteroides fragilis have 107 been suggested as potentially useful indicators of viral contamination (IAWPRC 1991; Pina et al. 1998; Hernroth 108 et al. 2002; Ebdon et al. 2012; Jofre et al. 2014 , Pouillot et al. 2015 . This is because they have several 109 characteristics in common with enteric viruses. For instance, they are found in high concentrations in sewage, 
118
Fifty seven immunologically distinct human adenovirus serotypes have been identified and have been divided 
127
The aim of this study was to examine the distribution pattern of faecal indicator bacteria, bacteriophages and AdV
128
F and G in M. edulis and their overlying waters harvested from a site that could best be described as a 'Class B' 
138
Materials and methods
139
Sampling site and collection of samples
140
The sampling site was situated in the village of Piddinghoe, on the estuary of the River Ouse, which is the second 
151
Approximately 1800 mussels were sampled in total (i.e., 30 -40 mussels were analysed on each occasion
152
depending on the size of individual mussel). Mussels and overlying water samples were transported to the 153 laboratory in the dark at approximately 4 ⁰ C and processed immediately (within less than one hour).
155
Enumeration of faecal indicator bacteria 156 
190
Salmonella typhimurium WG49, and B. fragilis GB124) were grown to ensure confluent lawns for phage 191 detection. One millilitre of sample (filtered water or shellfish glands) was added to one millilitre of bacterial host 192 strain and 2.5 ml of semi-solid agar in a 10 ml vial (Sterilin). et al. 2004 ). In brief, six ml of five mol L -1 MgCl2 was added aseptically to 300 ml of sample 204 to achieve a final concentration of 0.1 mol L -1 MgCl2 before filtration. The filters were stored at -80 ⁰ C until 205 nucleic acid extraction. Again, ten to fifteen mussels to be analysed were cleaned with sterile running water and 206 placed in a stainless steel shucking tray. Using a shucking knife and wearing a chain-mail shucking glove, M.
207
edulis were removed from their shells. The digestive glands were separated from the flesh and intravalvular fluid.
208
The digestive glands have been shown to bio-accumulate viruses more effectively than other parts of the organism, 
214
The frozen filters were equilibrated at room temperature and the surface was scraped using a fresh scalpel blade
215
(Fisher Scientific) into a 1.5 ml microcentrifuge tube. Viral nucleic acids were extracted using the QIAamp
216
MinElute Virus Spin Kit (Qiagen GmbH) according to the manufacturer's instruction. The nucleic acid extracts
217
were stored at -80 ⁰ C until quantification. Similarly, the frozen glands were equilibrated at room temperature and 
228
Thermocycling steps were as follows: enzyme activation (95 ⁰ C for two minutes), 50 cycles of denaturation (95
229
⁰ C for ten seconds) and data collection (60 ⁰ C for 60 seconds). Data were analysed using Rotor-Gene 2. 
237
Statistical analysis
238
Data were transformed to log10, then examined using general descriptive statistics and checked for normality using 239 the skewness and kurtosis statistic, Shapiro-Wilk normality test and corresponding normal probability plots.
240
Further analyses were undertaken using Statistical Package for Social Sciences (SPSS) Version 20.0, and all data 241 were subjected to the Spearman's rank non-parametric two-tailed correlation analysis (with test of significance at 
255
shellfish flesh and intravalvular fluid and in overlying waters ranged from 0.99 to 3.50 log10 CFU 100 ml -1 (Table   256 1).
258
Detection of bacteriophages
259
The concentration of somatic coliphages in M. edulis ranged from 3.43 to 5.36 log10 PFU 100 g -1 of digestive 260 gland (mean = 4.60 ± 0.52 log10 PFU 100 g -1 ) and 2.00 to 4.02 log10 PFU 100 ml -1 in overlying waters (mean = 
268
(100 %) of shellfish and overlying water were positive for somatic coliphages ( 
272
Detection of AdV F and G
273
Concentration of AdV F and G in M. edulis ranged from 0 to 2.94 log10 genome copies 100 g -1 of digestive gland
274
(mean = 0.43 ± 0.85 log10 genome copies 100 g -1
) and in overlying waters ranged from 0 to 1.34 log10 genome 275 copies 100 ml -1 (mean = 0.22 ± 0.35 log10 genome copies 100 ml -1 ). The limit of detection for AdV F and G was 276 10 detectable virus genome copies 100 ml -1 and 100 g -1 for overlying waters and shellfish samples, respectively.
277
Nine shellfish samples (27 %) and eleven overlying water samples (24 %) presented positive for AdV F and G
278
( Table 1 ). There were statistically significant elevated levels of AdV F and G in M. edulis compared with levels 279 recorded in their overlying waters.
281
The relationship between bacteriophages and AdV F and G
282
The relationships between the concentrations of bacteriophages and those of AdV F and G in M. edulis and 283 overlying waters were analysed using a two-tailed Spearman's rank correlation at two levels of significance (P < 284 0.01 and P < 0.05) representing 99 % and 95 % confidence interval, respectively ( Table 2) 
294
Levels of somatic coliphages in overlying waters, furthermore, showed positive correlations with levels of 
318
In this study, the Spearman's rank correlation co-efficient demonstrated the bacterial indicators: E. coli (rho = - 
334
AdV F and G were detected on several sampling occasions in overlying waters and M. edulis during the study 335 period. GB124 phages were not detected on ten sampling occasions in overlying waters and on two sampling 336 occasions in M. edulis, F-RNA coliphages were not detected on twelve sampling occasions in overlying waters 337 and on six sampling occasions in M. edulis, whereas somatic coliphages were detected in all cases. In the samples 338 that tested positive for AdV F and G, all investigated phages were also consistently detected at varying 339 concentrations. However, these phages were also detected in some samples that tested negative for AdV F and G
340
( Figure 1 ). These findings are consistent with other studies (Haramoto et al. 2007; Ogorzaly et al. 2009 ) that have 341 demonstrated the wide spatial distribution of human adenovirus genome in faecally-impacted aquatic 342 environments.
344
Phages were also detected in overlying waters and in M. edulis that presented negative results for AdV F and G
345
(i.e., were below the detection limit of 1 PFU ml -1 or g -1
). Total concentrations of 32.01 log10 PFU 100 ml -1 somatic 346 coliphages, 2.00 log10 PFU 100 ml -1 GB124 phages, and 4.30 log10 PFU 100 ml -1 F-RNA coliphages were detected 347 in overlying waters presenting negative results for AdV F and G. Again, 52.05 log10 PFU 100 g -1 somatic 348 coliphages, 12.00 log10 PFU 100 g -1 GB124 phages, and 17.68 log10 PFU 100 g -1 F-RNA coliphages were detected 349 in M. edulis presenting negative results for AdV F and G. Again, a number of these samples may reasonably be 
361
This work is applicable to other types of shellfish species, though different shellfish species may demonstrate 362 varying abilities to bioaccumulate microbial indicators or pathogens. This may be the result of differences in the 363 physiology of the shellfish or the pathogen, the rate of metabolism in the shellfish, the duration of exposure of the 364 shellfish to the pathogen or its source, the exposure dose and other factors, such as salinity and temperature which 365 all serve to influence filtration rates within the shellfish (Olalemi et al. 2016) .
367
The current hygiene classifications for shellfisheries, which are based on levels of faecal indicator bacteria, do not 
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Detection 
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